This paper proposes wavelet transform based fault detector for the protection of series capacitor compensated three phase transmission line. Three phase current measured at the relay location of a transmission line is processed using wavelet transform with daubechies-4 mother wavelet. Numerous fault situations are studied to check the performance of the proposed fault detector. To assess the performance of proposed fault detector, various fault parameters such as fault inception time, fault resistance, fault location, fault type and ground resistance are varied. Simulation results exemplify the accurateness and effectiveness of the proposed fault detector.
Introduction
Between the different components of power transmission and distribution system, protection of transmission lines is very compulsory because the transmission lines are the most expected to experience faults. Detection of fault in transmission lines is essential to provide proficient and consistent power flow. Many researchers did detection and classification of transmission line faults using various techniques. In recent times, the application of wavelet transform has been effectively tested by many researchers for the transmission line protection. Series compensation of transmission line by using series capacitors not only compensate the inductive reactance of transmission line but also enhances the capability of power transfer of transmission line.
Among various methods reported, Hilbert huang transform and machines learning techniques has been used for the detection and classification of micro-grid faults (Mishra and Rout, 2018) . Artificial neural network has been used to locate multi-location faults on series capacitor compensated double circuit transmission line (Swetapadma and Yadav, 2018) . A combination of wavelet transform, adaptive particle swarm optimization and artificial neural network has been used for the protection of six phase transmission line (Shukla et al., 2018) . Wavelet singular entropy in combination with fuzzy system is used for the detection and classification of distributed generation connected distribution line faults (Rangari and Yadav, 2017) . A combination of discrete wavelet transform and back propagation neural network has been used for the detection, classification and location estimation of HVAC transmission line faults (Saha et al., 2016) . Different techniques such as wavelet transform, travelling wave and support vector machines has been used by the researchers for high impedance fault detection (Bhongade and Golhani, 2016) . Probabilistic neural network based approach is described for fault classification of multi terminal series compensated transmission line (Raval and Pandya, 2016) . Harmony search algorithm based approach is proposed for the classification of transmission line faults (Abdelgayed et al., 2016) . Effective location of faults in three terminal transmission line using the combination of Hilbert huang transform and discrete wavelet transform is introduced (Moravej et al., 2015) . A combination of discrete wavelet transform and artificial neural network has been used for the detection, classification and location of faults in parallel transmission lines (Swetapadma and Yadav, 2015) . A fault location scheme which uses unsynchronized current and voltage signals for the protection of series compensated double circuit transmission line has been introduced by the researchers (Kang et al., 2015) . Wavelet based single ended fault location technique for the protection of double circuit transmission line is proposed (Xie et al., 2013) . A directional relaying technique has been presented for the protection of TCSC connected three phase transmission line (Jena and Pradhan, 2013) . A comparison of single and modular ANN based fault detection and classification techniques for double circuit transmission line protection is described (Yadav, 2012) . A combination of wavelet transform and artificial intelligence has been used for fault detection and classification of EHV transmission line (Chen and Aggarwal, 2012) . ANN based approach is introduced for the detection and classification of inter-circuit and cross country faults (Jain et al., 2010) . A combination of wavelet transform and artificial neural network has been used for the selection of faulted phase on double circuit transmission line (Kale et al., 2009) . Differential protection scheme based on wavelet transform has been introduced for the protection of tapped transmission line (Bhalja and Maheshwari, 2006) . A combination of Fourier transform and wavelet transform based scheme is introduced by the researchers for the detection and classification of transmission line faults (Das et al., 2006) . Wavelet transform based technique is proposed for the distance protection of transmission line (Liang and Jeyasurya, 2004) . Artificial neural network based approach is proposed for the classification of double circuit transmission line faults (Khorashadi-Zadeh, 2004) . A combination of wavelet transform and self organizing map neural network has been used for the location of faults on TCSC compensated transmission lines (Cheong and Aggarwal, 2004) .
In this paper, wavelet transform based fault detection and faulty phase identification technique is proposed for the protection of series capacitor compensated three phase transmission lines. The proposed technique uses the samples of fault current measured at one end only. The performance of proposed technique has been tested for various fault scenarios with varying different fault parameters which has not been reported until now to the best of knowledge of the author of this research paper.
Simulation Studies
Single line diagram of proposed power transmission line model is shown in Figure 1 . Power transmission line model consists of 400 kV, 50 Hz, three phase series capacitor compensated transmission line of length 200 km. Three phase voltage source of 400 kV is connected to the transmission line at the sending end to bus-1. At the receiving end, a three phase load of 100 MW and 100 MVAr is connected to bus-2. Three phase current is obtained from the location of the relay is processed using wavelet transform to extract various features of fault current like wavelet energy, approximate coefficients and high frequency detail coefficients at level-1. Series capacitors connected at the middle of a transmission line provides 40% compensation to the transmission line. The proposed simulation model is simulated using Simscape Power Systems toolbox of MATLAB software with varying fault type (F t ), fault resistance (R f ), ground resistance (R g ), fault inception time (FIT) and fault location (F l ). 
Wavelet Transform
Wavelet transform (Jain et al., 2010; Yadav 2012 ) is termed as:
(1) where a mother wavelet is designated as φ (t) having finite energy. High pass filter gain after sub-sampling twice is defined as: y H (k) = ∑ n x(n)g (2k-n) (2) Low pass filter gain after sub-sampling twice is defined as:
Proposed Fault Detection Scheme
Detection of fault by using wavelet transform approach is accomplished by calculating the sum of square of high frequency detail coefficients of each phase current at level-1. The phase is called to be as faulty if the magnitude of sum of square of detail coefficients of faulted phase is found larger than the magnitude of sum of square of detail coefficients of an un-faulted phase. In the proposed work, 'db4' mother wavelet is used for the detection of three phase series capacitor compensated transmission line faults by wavelet decomposition of measured fault current signals captured by the relay which is connected at bus-1 of a test power system (Rangari and Yadav, 2017) . The wavelet transform based fault detection scheme is illustrated in Fig. 2 . 
Simulation Results and Discussions
The performance of the proposed technique has been tested for numerous fault situations. The proposed technique has been tested by varying different types of fault parameters. Simulation results of the proposed technique have been described in the next sub sections.
Test Results for No-Fault:
By simulating the test system for no-fault, the performance of the proposed scheme is tested for healthy operation of a test system. The approximate and the high frequency detail coefficients signify the output of wavelet filter after passing the signal through it. The three phase current for the duration of no-fault is shown in Fig. 3 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the period of no-fault are shown in Fig. 4 , 5 and 6. The performance of wavelet transform based fault detection relay is examined for no-fault operation and the test results are demonstrated in Table 1 . 
Test Results for Fault Type Variation:
The performance of the proposed scheme is examined for fault type variation. The three phase current during phase-'A-g' fault at 50% from bus-1 is shown in Fig. 7 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the duration of phase-'A-g' fault are shown in Fig. 8, 9 and 10. The procedure of fault detection using wavelet transform during phase-'A-g' fault at 50% from bus-1 at FIT = 0.01667 seconds with R f = 0.001Ω and R g = 0.001Ω can be seen in Fig. 8-10 . The performance of the proposed scheme is examined for several fault type occurring at 50% from bus-1 with R f = 0.001Ω, R g = 0.001Ω and FIT = 0.01667 seconds and the test results are depicted in Table 2 -5. From Table 2 -5, it can be certainly seen that the magnitude of sum of square of detail-1 coefficients of faulted phase is larger than the magnitude of sum of square of detail-1 coefficients of un-faulted phase and this exemplifies that the proposed wavelet transform based fault detection scheme effectively detects the fault. Based on a variety of test results which can be seen from Table 2 to Table 5 , it is established that the variation in fault type has no major effect on the performance of the relay. 
Test Results for Fault Location Variation:
By simulating the test system for various fault cases at different locations, the performance of the proposed scheme is tested for fault location variation. The three phase current during phase-'A-g' fault at 10% from bus-1 at FIT = 0.01667 seconds is illustrated in Fig. 23 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the duration of phase-'A-g' fault at 10% from bus-1 are shown in Fig. 24, 25 and 26. The method of fault detection using wavelet transform during phase-'A-g' fault at 10% from bus-1 at FIT = 0.01667 seconds with R f = 0.001Ω and R g = 0.001Ω can be seen in Fig. 24-26 . The performance of the proposed scheme is observed for numerous fault locations from bus-1 with R f = 0.001Ω, R g = 0.001Ω and FIT = 0.01667 seconds and the test results are depicted in Table 6 to Table 7 . From Table 6 -7, it can be definitely seen that the magnitude of sum of square of detail-1 coefficients of faulted phase is larger than the magnitude of sum of square of detail-1 coefficients of un-faulted phase and this illustrates that the proposed wavelet transform based fault detection scheme efficiently detects the fault. Based on a variety of test results which can be seen from Table 6 -7 it is recognized that the variation in fault location has no major effect on the relay performance. 
Test Results for Fault Resistance Variation:
Simulation studies are conducted to examine the performance of the proposed scheme for fault resistance variation. The three phase current during phase-'AB-g' fault at 50% from bus-1 with R f = 20Ω is shown in Fig. 31 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the period of phase-'ABg' fault are shown in Fig. 32, 33 and 34. The method of fault detection using wavelet transform during phase-'AB-g' fault at 50% from bus-1 at FIT = 0.01667 seconds with R f = 20Ω and R g = 0.001Ω can be seen in Fig. 32-34 . The performance of the proposed scheme is tested for various values fault resistances during phase-'AB-g' fault at 50% from bus-1 and the test results for R f =20Ω and 70Ω can be depicted in Table 8 to Table 9 . From Table 8 -9, it can be definitely seen that the magnitude of sum of square of detail-1 coefficients of faulted phase is larger than the magnitude of sum of square of detail-1 coefficients of un-faulted phase and this exemplifies that the proposed wavelet transform based fault detection scheme effectively detects the fault. Based on a variety of simulation results which can be seen from Table 8 to Table 9 , it is established that the fault resistance variation has no major effect on the performance of the relay. 
Test Results for Fault Inception Time Variation:
Simulation studies are carried out to look over the performance of the proposed scheme for fault inception time variation. The three phase current for the period of phase-'C-g' fault at 50% from bus-1 with FIT=0.03666 seconds is shown in Fig. 39 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the duration of phase-'C-g' fault are shown in Fig. 40-42 . The process of fault detection using wavelet transform during phase-'C-g' fault at 50% from bus-1 at FIT = 0.03666 seconds with R f = 0.001Ω and R g = 0.001Ω can be seen in Fig. 40-42 . The performance of the proposed scheme is examined for various values of fault inception time during phase-'C-g' fault at 50% from bus-1 with R f = 0.001Ω, R g = 0.001Ω with different FIT and the test results for FIT=0.03666 and 0.05666 seconds can be depicted from Table 10 to Table 11 . From Table 10 -11, it can be definitely seen that the magnitude of sum of square of detail-1 coefficients of faulted phase is larger than the magnitude of sum of square of detail-1 coefficients of un-faulted phase and this illustrates that the proposed wavelet transform based fault detection scheme effectively detects the fault. Based on a variety of test results which can be seen from Table 10 -11 it is recognized that the variation in fault inception time has no key effect on the performance of the relay. 
Test results for ground resistance variation:
The performance of the proposed scheme is tested for ground resistance variation. The three phase current for the duration of phase-'BC-g' fault at 50% from bus-1 with R g = 15Ω is shown in Fig. 47 . The approximate-1, detail-1 and squared detail-1 coefficients of phase -A, B and C for the duration of phase-'BC-g' fault are shown in Fig. 48-50 . The procedure of fault detection using wavelet transform during phase-'BC-g' fault at 50% from bus-1 at FIT = 0.01667 seconds with R f = 0.001Ω and R g = 15Ω can be seen in Fig. 48-50 . The performance of the proposed scheme is checked up for various values of ground resistances for the duration of phase-'BC-g' fault at 50% from bus-1 with R f = 0.001Ω and FIT = 0.01667 seconds and the test results for R g =15Ω and 65Ω can be seen from Table 12 to Table 13. From Table 12 -13, it can be positively seen that the magnitude of sum of square of detail-1 coefficients of faulted phase is larger than the magnitude of sum of square of detail-1 coefficients of un-faulted phase and this demonstrates that the proposed wavelet transform based fault detection scheme successfully detects the fault. Based on extensive simulation results which can be seen from Table 12 to Table 13 , it is established that varying ground resistance has no major effect on the relay performance. 
Conclusion
Proposed wavelet transform based fault detector for the protection of series capacitor compensated three phase transmission line is established to be very successful under numerous circumstances of fault. Three phase fault current has been processed using 'db-4' wavelet. The performance of proposed wavelet transform based fault detector is not affected by variation in fault parameters like fault inception time, fault resistance, fault type, fault location and ground resistance. The proposed fault detector has been found 100% accurate for detecting the fault and identifying the faulty phase. The future extension of this technique will be on fault detection, classification and location estimation of FACTS (flexible AC transmission systems) compensated three phase double and six phase transmission lines.
